In this study, a saturated genetic map was constructed using a set of recombinant 132 inbred lines (RILs) from a cross of two peanut genotypes, Tifrunner x NC 3033. This 133 population was phenotyped for seed and pod traits for three consecutive years. While 134 seed and pod trait QTL have been identified in previous studies, none are associated with 135 pod filling as a yield component. The hypothesis of this study states that the measurement 136 of seed and pod traits such as kernel percentage and pod density as a measure of pod 137 filling along with other traits such as individual pod and seed weight, number of seeds per 138 pod and 16/64 percentage, a standard measure of the kernel size for commercial purposes 139 (USDA 1997) , will help us to identify novel QTLs and confirm previous QTLs found by 140 other researchers. As a result, a linkage map including 1524 markers was constructed and 141 forty-nine QTL were discovered for seed and pod traits, including eight major QTL. 142
These results will enhance our ability to improve peanut seed quality and yield through 143 molecular breeding by providing molecular markers for marker assisted selection (MAS).
MATERIALS AND METHODS 145

Plant material 146
A set of RILs derived from a cross of Tifrunner x NC 3033 was developed and 147 roughly half were advanced in Tifton, Georgia and the remainder in Raleigh, North 148 Carolina (Holbrook et al. 2013) . NC 3033 (Arachis hypogaea L. subsp. hypogaea var. 149 hypogaea) (Beute et al. 1976 ; Hammons et al. 1981 ) is a small-seeded Virginia type 150 germplasm line with incomplete pod filling, while Tifrunner (Arachis hypogaea L. subsp. 151 hypogaea var. hypogaea), a released cultivar, has more complete pod filling. NC 3033 is 152 resistant to several diseases including stem rot (Sclerotium rolfsii Sacc.) and is one of the 153 most cylindrocladium black rot (CBR) resistant genotypes identified (Hadley et al. 1979) . 154
However, NC 3033 has low seed grades and low % meat as compared to Tifrunner, an 155 elite runner type characterized by large seeds and good grade (Holbrook and Culbreath 156 2007) ( Fig. 1 ). 157
Phenotyping of seed and pod traits 158
The Tifton-derived portion of the RIL population was planted for three 159 consecutive years in Tifton, GA (USA) and phenotyping was conducted for 134 F6:8 RILs 160 in 2013, 152 F6:9 RILs in 2014 and 160 F6:10 RILs in 2015 using a randomized complete 161 block experimental design with three replicates and a plot size of 1.5 m x 1.8 m. For all 162 years, 16/64 percentage (16/64P) as seed size index and kernel percentage (KP), also 163 known as shelling percentage, were obtained using a BestRay X-ray grading machine. 164 16/64P is the percentage by weight of seeds that fall through a 16/64 x ¾ in screen 165 retaining seeds with size of interest. KP and 16/64P are calculated as proportion of the 166 sum of kernel weight and hull weight for 100 pods. 167
In 2014 and 2015, a subset (250 g of pods) was selected for each RIL to 168 determine the variation in pod filling through phenotyping of individual pods. The pods 169 were dried to approximately 10% moisture and then classified and counted based on the 170 number of seeds per pod in single-(SP), double-(DP) and triple-kernel pods (TP). Due to 171 a low number of triple-kernel pods found in only a few individuals, this trait was not used 172 for the QTL analysis since the data was not transformable to follow a normal distribution. 173 Subsequently, 10 randomly-selected double-kernel pods per line and replicate were 174 shelled and the maturity was judged by the internal pericarp color (IPC) (Gilman and 175 Smith 1977) . The weight of the entire pod including the shell and the kernels was 176 recorded (PW) and the weight of the two kernels was recorded (SdW) using the LabX 177 Balance Direct 3.2 software and a digital scale. Ten half pods per line per replicate were 178 scanned on both sides and analyzed using ImageJ (Rasband 2011) to determine pod area 179 (PA) as a surrogate for pod volume according to Wu et al. (2015) . The pod density (PD) 180 (pod density = pod weight / pod area mm 2 ) was calculated for the samples as a measure 181 of pod filling. 182
Statistical analysis 183
For all the phenotypic traits, Shapiro-Wilk and Anderson-Darling tests for 184 normality of distribution were performed. When the data did not fit a normal distribution, 185 outliers were removed and the data were transformed (e.g. logarithmic, square root or 186 reciprocal values). Correlation coefficients between all the traits across years for the 187 parents were calculated using Minitab 17 (Minitab® 17 Statistical Software 2010). 188
Histograms, boxplots and analysis of variance for all the traits and years were plotted 189 using R. Two-way ANOVAs for all the traits were made following the linear model 190 method in R to identify significant differences between RILs, blocks and the interaction on the diploid genome progenitors and compared to the physical position of the QTL in 239 this study, also based on the diploid genomes following the same BLASTN parameters. 240
Data availability 241
The phenotypic information, the linkage map information and the genotyping 242 used for map construction are described in Supporting Information, File S1. The 243 phenotypic information includes the measurement and transformation method. The 244 linkage map information and genotyping include the genetic and physical positions of the 245 markers plus the GenBank accession ID for the SSRs available. Table S1 describes the 246 previous QTL identified in cultivated peanut used in this study for comparison. 247
RESULTS 248
Seed and pod phenotypes in the RIL population 249 NC 3033, although a small-seeded Virginia type peanut with incomplete pod 250 filling (e.g. R7 stage (Boote 1982) in Fig. 1 ), has larger seeds than Tifrunner. Phenotypic 251 data of the parents and the RIL population were collected over three years using a 252 randomized complete block design (Table 1) . We observed a large block effect in 2015 253 that can be attributed to moisture (rain) after harvest where two replicates (2 and 3) were 254 infested with mold that affected pod weight and density (Fig. 2 ). For most of the 255 phenotypic data, we were able to obtain normal distributions ( Fig. 3) . 256
The two parents contrasted for traits, Tifrunner was higher for KP, 16/64P, DP 257 and PD, whereas, NC 3033 was higher for SdW, PW and PA. The population exhibited 258 variation for all traits (Fig. 3) , suitable for statistical and QTL analysis. Based on the 259 analysis of variance and the boxplots for all the RILs by blocks (replicates) in all the 260 years, we found block effects ( Fig. 2) , especially for 16/64P and KP in 2014 and 2015, SP and PA in 2014, and SdW and PD in 2015. Analysis of variance of all traits revealed 262 significant differences between RILs and between years except for SP and PA, and the 263 year x RIL interaction except for SP where there was no significant difference ( Table 2) . 264
The broad sense heritability ranged from 61.3% to 80.3% for most of the traits, except for 265 SP with a value of 40.4%, indicating a genetic component underlying these traits in this 266 population ( Table 2) . 267
Pearson correlations between traits ( Fig. 4) Table 3 ); 10 were from the A genome, 13 from the B 280 genome and 6 were A and B markers combined. The 29 linkage groups ranged in size 281 from A04 covering 298.7 cM to A08_B08 with 4.5 cM total with an average number of 282 loci per linkage group of 53 ranging up to 133 loci in A04. The average distance between 283 neighboring markers was 2.7 cM, ranging from 1.0 cM in B06_2 to 6.2 cM in B03.
The names of the linkage groups were assigned based on the assignment of SNPs 285 to the sequence-based pseudomolecules. If more than 51% of the markers were assigned 286 to a specific chromosome it was given that name. In cases where the group contained ~ 287 50% of loci from two chromosomes, the name included both chromosomes. Most linkage 288 groups included markers from homoeologous chromosomes, however, two had markers 289 from different chromosomes, A07_B08 and A10_B04 with 7 and 73 markers, 290 respectively. 291 1,269 loci were successfully aligned to the A. hypogaea pseudomolecules 292 spanning a total physical distance of 2008.13 Mbp and an average physical interval of 293 2.26 Mbp between loci (Table 3 and Fig. 6 ). The percentage of pseudomolecules covered 294 by linkage maps varied, two groups covered more than 80% of the pseudomolecule, 12 295 groups more than 90% of which three were close to 100%, e.g. A04, A05_B05 and B09. 296
The average recombination rate was 0.93 cM/Mbp and A08 had the maximum rate. A10, 297 B05, B08_2 and A03_2 had the lowest recombination rates. 298
From the distribution of the loci along the chromosomes ( Fig. 6 ) we observed 299 higher marker saturation and increased recombination in the arms and lower marker 300 saturation and recombination frequencies in the pericentromeric regions. Most of the 301 linkage groups with good correspondence to a pseudomolecule were symmetrical, that is 302 arms with dense markers and a pericentromeric region with few markers and reduced 303 recombination. A few linkage groups exhibited rearrangements such as A01 and B03 304 where there is an apparent inversion on the top arm. Even though the marker density was 305 low, there was a correspondence between loci from the group A07_B08 with the A07 306 pseudomolecule, as suggested previously (Bertioli et al. 2016) . 307
QTL identification 309
For seed and pod phenotypes, we identified 49 QTL on 14 linkage groups (Table  310 4 and Fig. 7 ). Most linkage groups had only one or two QTL, with a maximum of 14 311 QTL in A04, 11 QTL in A07_B07 and 10 QTL in B06_1. QTL were identified for all 312 traits (16/64P, KP, PW, SdW, SP, DP, PA and PD) across all years, except for 16/64P in 313 2014 and 2015, and the QTL explained 5.3% to 31.4% of the phenotypic variation (Table  314 4). Eight QTL were major, explaining > 20% of the phenotypic variation, and 12 QTL 315 had effects ranging between 10-20%. NC 3033 contributed most, 6 of 8, of the major 316 QTL, all on B06_1, accounting for 24.4% -31.4% of phenotypic variation. Tifrunner 317 contributed two major QTL on B06_1 and A07_B07 corresponding to 28.4% and 29.2% 318 of the phenotypic variation, respectively. Seven of the major QTL were associated with 319 just two SNP markers, AX-147226319_A06 and AX-147226313_A06, that are 3.3 cM 320 apart. These QTL were detected for four traits, PW, SdW, PA and DP, for years 2014 and 321 2015. The first three QTL were contributed by NC 3033 and had high positive 322 correlations ( Fig. 4 ), but were all negatively correlated with DP, contributed by 323 Tifrunner. One QTL (qDPA07_B07.2) was located on A07_B07 (Table 4) . 324 KP had the most QTL, 9 over all three years, 8 were contributed by Tifrunner and 325 one from NC 3033. NC 3033 contributed seven of nine SP QTL, three of them in A04. 326
For PA, five of nine QTL were contributed by NC 3033. Seven QTL were identified for 327 SdW with two major QTL on B06_1 provided by NC 3033 explaining 25.9% and 31.45% 328 of the phenotypic variation. Six and four QTL were identified for PW and DP, 329 respectively, on B06_1 with large effects (17.0% -29.2%). For 16/64P, three QTL were 330 found, two from Tifrunner on chromosomes A02 and A06, and one on A10_B04 from NC 3033. Finally, four QTL were found for PD, one from NC 3033 on A03_B03 and 332 three from Tifrunner on A09, A04 and B06_1. 333
Genomic positions and co-localization of QTL 334
The genetic positions of QTL in cM correspond to the end points where peaks 335 exceeded statistical thresholds based on permutation tests. The approximate physical 336 positions of the QTL were defined as the closest flanking genetic markers (Table 4 ). The 337 average genetic distance spanned by the QTL was 15 cM corresponding to an average of 338 4.76 Mbp physical distance, though some ranged up to 50.3 Mbp. We observed that some 339 QTL spanned similar genetic regions, in particular those on A04, A07_B07, B06_1 and 340 B09 ( Table 5) . 341
We observed extensive clustering of QTL, as might be expected given the traits 342 and correlations. On A04, three groups of QTL were co-localized, two of them 343 overlapping between them. The first group included two QTL for SP, the second group 344 two for PA, and the third group included 8 QTL: three for PW, three for SdW, and one 345 each for DP and PA (Table 5 ). There are 220, 53, and 107 annotated genes within the 346 physical regions spanned by the QTL, respectively. On A07_B07, another three QTL 347 groups overlapped: the first group included two QTL each for PW and SdW; the second 348 group included three QTL for KP and one for DP and PW, and the third group included 349 two QTL for KP. There were several common markers in the QTL regions for groups two 350 and three as these two groups overlapped by about 10 cM. The first group spanned 56 351 genes and the second and third more than 46 genes ( Table 5 ). Other QTL clusters were 352 observed, including those on linkage groups B06_1 and B09. 353
Co-localization of QTL and correlation of traits may be explained by pleiotropic 354 effects for pod and seed phenotypes. There was, as expected, a high correlation in the behavior of the same traits across different years, confirmed by co-localization of QTL. 356 Some QTL were both co-localized and highly correlated with other traits such as for PW, 357
SdW and PA on A04, PA and SdW on A07_B07, and PA, PW and SdW on B06_1. 358
Comparison with previously reported QTL 359
The physical locations of the QTL found in this research were compared with 360 previous QTL studies for seed and pod traits by (Table 6 and S1). For 81 QTL from these seven studies, we were able to find either the 363 After the comparison with the QTL regions from previous studies, we found 11 368 QTL in close proximity (0.08 Mbp -5.24 Mbp) on chromosomes A02, A03, A04, A05, 369 A07, A09 and B06 and 6 QTL co-localizing in A07, A10, B06 and B10 (Table 6) and one in B09, including some QTL clusters (Table 6) . (Table S2 ). Furthermore, the 441 high broad sense heritability for all traits except DP indicated a major genetic component. 442
Based on these observations, we inferred that this population was suitable for genetically 443 dissecting seed and pod traits as a prelude to contributing to yield improvement. 444
In contrast to previous studies (Table S1 ), we used PD as a measurement for seed 445 and pod filling and measured PA and PD based on methods described in Wu et al. (2015) 446 in order to identify loci associated with these traits and to find correlations with traits 447 measured in previous work. PD and PA had relatively low positive correlations 448 demonstrating that large pods are not always associated with either larger seeds or higher 449 yields. These results were expected as NC 3033 has larger pods than Tifrunner but has 450 incomplete pod fill.
It was previously observed that large pods may be correlated with thick pericarp 452 in peanut which complicates selection for large pods with large and dense seeds 453 (Hammons 1973 and it was noted that the thickness of pods is highly correlated with pod maturity 455 (Williams et al. 1987 ). This supports our finding of QTL co-localized on A07 for KP 456 with previously mapped percentage of pod maturity (Fonceka et al. 2012 ). This 457 demonstrates that maturity can be indirectly measured and that our population is likely 458 segregating for maturity, since both parents of the population have different maturity 459 ranges, Tifrunner being a late maturity peanut with ~150 days after planting (Holbrook 460 and Culbreath 2007) and NC 3033 with an earlier maturity of ~135 days after planting 461 (Beute et al. 1976; Korani et al. 2018) . At the time of harvest, when seed and pod filling 462 is complete and the seeds have accumulated storage products, the seed density is higher 463 than in immature seeds (Williams et al. 1987; Sanders 1989; Rucker et al. 1994b) . This is 464 supported by high positive correlations of PD and PA with SdW and PW, demonstrating 465 that it is possible to have larger pods and larger seeds. These results are also supported by 466 Rucker et al. (Rucker et al. 1994a) showing that pods with mature kernels have 467 significantly greater density. Although the population was segregating for duration of 468 maturity, pod maturity was measured by the inner pericarp color to select samples for PW 469 and SdW to calculate PA and PD and also to contrast the values with KP. In addition, we 470 assumed there were no confounding effects with KP, since the correlations between KP 471 vs SdW, PW, PA and PD were very low, and we could see an indirect measure of 472 maturity from these traits. 473
On the other hand, PD and PA were negatively correlated with 16/64P, SP and 474 passing through the screen. Tifrunner is a large-seeded runner type and NC 3033 a small-476 seeded Virginia type (Fig. 1 ). Regarding the negative correlation of PD and PA with SP 477 and DP, this indicates that greater pod area and density are associated with lower pod 478 count per standard sample weight, regardless of number of seeds in the pods. This 479 corresponds to the co-localized QTL found for seed and pod weight vs single and double 480 pods ( Table 4 , Fig. 4a ). LG A07 and 17 QTL on B02 and B06, all for yield, seed and pod traits, with large 496 phenotypic effects ranging from 8.7% to 26%, similar to this study. Wang et al. (2018a) 497 found most of the QTL related to yield traits at the ends of B06 and B07 with phenotypic variation ranging from 4.30 -18.99%, with six co-localized QTL in close proximity with 499 QTL found in this study on B06 (Table 6) . 500
Consequently, QTL related to seed and pod size and weight were concentrated on 501 three linkage groups. This follows previous work suggesting that alleles from QTL for 502 seed and pod size are clustered in A07, B02 and B06 due to domestication (Fonceka et al. 503 2012) . Also, the seven QTL found in B06 confirmed previous studies, mainly the QTL 504 found by Wang et al. (2018) , which found pleiotropic QTL at the end of the B06 505 chromosome and found candidate genes associated with yield traits, some of them related 506 to embryo development. These findings demonstrate the consistency of QTL across 507 different genetic backgrounds and the potential for marker assisted selection of desirable 508 seed and pod traits. 509
Of the 49 QTL identified, 33 co-localized with either the same trait in another 510
year and/or with other traits in the same or different years. The regularity of the QTL 511 discovered in the same linkage group locations across the years, the co-localization with 512 previous studies, and the high phenotypic variance (Table 4, Table 5 , Table 6 ) indicates 513 the reliability of these QTL. Although the regions covered by the QTL are still large in 514 physical distance, we were able to better elucidate the location of these QTL, including 515 annotated genes in these regions that can be used to develop additional markers. Others 516 have observed correlations between QTL regions with differentially expressed candidate 517 genes, and it has been suggested that overlapping QTL might share common biochemical 518 pathways (Schweizer and Stein 2011; Kocmarek et al. 2015) ; indeed many of the QTL in 519 this study were correlated. Only a few QTL did not co-localize with others, even ones 520 with high correlations, such as 16/64P and PD with r > 0.7.
In summary, we found new seed and pod QTL and validated QTL found in other 522 populations. This provides additional tools for marker-assisted breeding to advance 523 peanut improvement and for eventual molecular characterization of these economically 524 important traits. Additional mapping is needed to further delineate the candidate genomic 525 regions and find the genes causal to the phenotypic variation, and to pyramid the 526 genes/QTL for superior genotypes. Marker assisted selection is in progress in peanut, 
